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A combination of electron paramagnetic resonance EPR and minority carrier lifetime
measurements is used to unambiguously demonstrate that the presence of a B diffusion layer at the
surface of oxidized Si 111 wafers causes a significant increase in the interface defect density as
well as interface recombination, compared to undiffused surfaces. EPR measurements show a nearly
three-fold increase in the Pb center density, while the lifetime measurements indicate an increase in
surface recombination activity by a factor of more than two, for B diffused samples with a sheet
resistance of 250  /. © 2008 American Institute of Physics. DOI: 10.1063/1.2903698
Shallow, heavily doped regions play an important role in
commercial silicon solar cells, as they are used both for the
formation of the p-n junction as well as for high-low junc-
tions in order to reduce recombination at the surfaces. The
heavily doped region is most often formed through the dif-
fusion of a suitable impurity phosphorus or boron. The im-
portance of these regions necessitates a good understanding
of their properties. This includes the effect of the introduc-
tion of dopant atoms on the density and properties of defects
at the interface of the silicon and the dielectric layer such as
SiO2 or PECVD SiNx used to passivate the silicon surface.
The Si–SiO2 interface in particular is of considerable inter-
est due to the excellent surface passivation that it affords.
The investigation of heavily doped silicon interfaces
and, in particular, the determination of interface defect den-
sities and associated capture cross sections, is more difficult
than for the case of moderately doped material since
capacitance-voltage C-V measurements—the chief charac-
terization technique—only yield limited information for
highly doped material and with a greater error margin. In
what appears to be the only study of its kind, the effect of B
and P diffusions on this interface was investigated by Snel,1
using C-V measurements at 77 K. He concluded that both
types of surface doping lead to an approximately linear in-
crease in interface defect density with surface doping above
a certain doping concentration, with the onset occurring at a
lower dopant concentration for B than P doped surfaces.
However, the results of this study were never replicated. Fur-
ther, the values obtained for the interface defect density Dit
for moderately doped silicon are inconsistent with the values
from the recent studies.2
In this paper, we investigate and compare the Si–SiO2
interface of B diffused and undiffused, thermally oxidized,
111 oriented samples using electron paramagnetic reso-
nance EPR measurements, and minority carrier lifetime
measurements on metal-oxide semiconductor MOS struc-
tures as a function of applied voltage.3 The use of lifetime
measurements on MOS structures at a sufficiently large ap-
plied bias voltage allows direct comparison of the emitter
saturation current Joe of diffused and undiffused samples. For
undiffused samples, a thin accumulation or inversion layer is
created in the Si surface region when sufficient voltage bias
is applied, making the measurement of Joe values possible.
The lifetime-voltage technique has the advantages over the
more commonly used corona charging method of eliminating
the possibility of corona introduced interface damage4,5 and
surface potential fluctuations,6 which can render the interpre-
tation of results on corona charged samples extremely diffi-
cult. EPR measurements allow direct determination of the
density of unpassivated Pb centers, the chief defect on 111
oriented Si–SiO2 interfaces.7
Boron diffusions were carried out using a liquid boron
tribromide source in a diffusion furnace at a temperature of
900 °C to obtain a sheet resistance of around 250  /, with
variation across the sample of less than 5%. Figure 1 shows
the boron profile resulting from this diffusion.
Samples used for EPR measurements were n type,
4000  cm, 111 Cz silicon wafers. Samples were cut
with a diamond saw into 25 mm2.5 mm2 pieces. They
were subsequently etched to remove saw damage from the
surfaces. Samples for lifetime-voltage measurements were
aElectronic mail: hao.jin@anu.edu.au. FIG. 1. The boron profile of the samples used for measurements.
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float zoned, 85  cm n type, 111 oriented wafers.
After a standard RCA clean, a B diffusion was per-
formed on both sides of selected samples. An oxide layer
around 50 nm thick was then thermally grown on both sides
at 1000 °C on all samples. A rapid thermal anneal was car-
ried out on samples for EPR measurement at 700 °C for
3 min in a high flow of nitrogen gas to dehydrogenate the Pb
centers at the Si–SiO2 interface.8,9
EPR measurements were undertaken using a Bruker
300E spectrometer operating at x band 9.44 GHz, fitted
with an Oxford ES-9 liquid helium cryostat with temperature
control via an Oxford ITC-4 controller. Measurements were
done using a modulation frequency of 100 kHz, modulation
amplitude of 1 G and a microwave power of 20 W at a
temperature of 7 K. 20 W was observed to be nonsaturat-
ing. Samples were placed in a 3 mm internal diameter quartz
EPR tubes, which were flushed with pure argon to remove
oxygen. The sample tubes were sealed with rubber septa and
the sample end frozen to 77 K. The angle between the
sample surface and the magnetic field is within an error of
3°.The Pb center concentration was calculated by double in-
tegration of the original signal and comparison with a stan-
dard solution signal, obtained under similar conditions.
The experimental details for lifetime-voltage measure-
ments are described in detail elsewhere.3 Measurements were
carried out using the inductively coupled photoconductivity
decay technique.10,11 Under conditions where the wafer bulk
is in high level injection and the surfaces are in low level
injection, the instantaneous decay time inst is given by11
1/inst = 1/bulk, hli + 2Joen/qWn1
2 , 1
where bulk,hli is the high level injection lifetime of the wafer
bulk, n is the photogenerated excess carrier density in the
wafer bulk, W is the wafer thickness, ni is the intrinsic carrier
concentration, Joe is the emitter dark saturation current den-
sity, and q the electronic charge. The value of Joe can be
determined from the slope of 1 /inst versus n, after Auger
and radiative recombination have been accounted for. Both
inst and Joe were measured at an injection level of 4
1015 cm−3. For all measurements reported here, n is uni-
form throughout the wafer due to the high bulk lifetime and
low surface recombination rates. Equation 1 is valid for
both diffused and undiffused samples provided the surface
remains in low level injection during the measurement. For
the undiffused samples used here, this condition is met for
Vapp−4 V and Vapp1 V. For the diffused samples, the
condition is satisfied for all negative bias voltages.
Figure 2 compares the EPR spectra for the undiffused a
and B diffused b samples, while Table I compares the EPR
parameters for the two samples. The values in Table I show
that the EPR signal of the B diffused sample is a character-
istic of the Pb center, but the Pb center density is substan-
tially greater than that of the undiffused sample.
Figure 3 shows Joe as a function of applied voltage Vapp
for both diffused and undiffused samples. The diffused
sample was only measured in accumulation negative bias,
while the undiffused samples were measured with both posi-
tive and negative biases.
For the undiffused sample, the values of Joe for large
negative and positive bias voltages corresponding to deep
inversion and accumulation, respectively are similar. This
result also holds for 100 surfaces.3 This implies that the
Si–SiO2 111 interface with heavy n type or p type surface
doping can, in principle, be passivated equally well, if it
could be ensured that the heavy doping does not alter the
interface. This strongly suggests that the commonly observed
poorer interface passivation of p-type emitters compared to
comparable n-type emitters is the result of interface modi-
fication due to the heavy doping, rather than resulting from
TABLE I. Comparison of the g value, peak to peak linewidth Bpp and
paramagnetic defect concentration of undiffused and boron diffused
samples. “” indicates magnetic field parallel to the 111 direction and “”
indicates magnetic field perpendicular to the 111 direction. The error in the






Bpp G 1.9 1.9
g 2.00870 2.00863
Bpp G 3.7 3.8
Pb 1013 cm−2 1.2 3.3
FIG. 2. EPR signals for undiffused sample a and boron diffused sample
b. The magnetic field is set parallel to the 111 direction.
FIG. 3. Variation of Joe with applied voltage for the diffused triangle sym-
bols and undiffused sample square symbols.
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the inherent properties of the defects at the undiffused inter-
face, such as a high electron to hole capture cross section
n /p ratio.
12
The diffused sample displays a substantially higher Joe in
accumulation 24 fA /cm2 than the undiffused sample in in-
version 9 fA /cm2. Part of this increase is due to the pres-
ence of the emitter. However, the shallow emitter is expected
to only contribute 3fA /cm2 to Joe. The surface contribution
to Joe is therefore estimated to be Joe,surf=21 fA /cm2. The
increase in Joe,surf can only be attributed to an increase in
interface recombination, resulting from an increase in the
interface defect density or their capture cross sections.
It is important to note that Joe measurements were car-
ried out on passivated hydrogenated samples, while EPR
measurements were done on dehydrogenated samples in or-
der to obtain the largest possible Pb signal and, hence, maxi-
mize measurement accuracy. The results of the two measure-
ments must therefore be compared with caution. The relative
increase in Pb density would be expected to translate to the
same relative increase in unpassivated Pb center density
following hydrogenation only if the properties of the centers
are completely unchanged. The EPR signature for diffused
and undiffused samples is indeed almost identical. The rela-
tive increases in Joe,surf factor of 2.3 and Pb centre density
factor of 2.7 are equal within the error of the measurements
and we tentatively conclude that the increase in interface
recombination on hydrogenated samples is chiefly due to an
increase in unpassivated Pb center density.
We also note that while our results are in qualitative
agreement with those of Snel,1 the increase in interface de-
fect density measured by Snel for B diffused surfaces of the
same surface B concentration greater than an order of mag-
nitude is far greater than reported here. Thus, while some
interface degradation as a result of boron diffusions is prob-
ably unavoidable, our results show that, with careful process-
ing, the extent of the degradation can be limited to levels that
are acceptable for most applications.
In summary, the results of EPR and minority carrier life-
time measurements unambiguously show that the presence of
a B diffusion results in a significant increase in the interface
defect Pb center density at the 111 Si–SiO2 interface and
a concomitant increase in interface recombination.
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